In this study, we investigated the effect of microwave-assisted extraction (MAE) on the yield, structure, and properties of rabbit skin gelatin. Compared to water bath extraction gelatin, short-term (5-30 min) MAE gelatin had better gel properties, which formed gels at a slower rate due to destruction of more hydrogen bonds, but had more powerful triple helix-like structures after a sufficiently long maturity (16-18 h) since more high-molecular-weight subunits were retained. Scanning electron microscope showed that MAE could form numerous holes on the surface of gelatin. This study will be of great significance for high efficiency of gelatin extraction.
Introduction
Gelatin is a kind of biopolymer obtained by partial hydrolysis of animal collagen derived from skins and bones, which is generally regarded as wastes during animal slaughtering and processing. [1] The principal structure of collagen is a rod-shape triple helix composed of three polypeptide chains. The main chains are more than 1,000 residues and the molecular weights are more than 100 kDa. [2] By virtue of attractive advantages such as biocompatibility, hydrophilicity, nontoxicity, gelation, and low cost, [3] gelatin is widely used in food, [4] pharmaceutical, [5] and photographic industries [6] as a gelling agent, stabilizer, thickener, and emulsifier. [7, 8] However, the production of gelatin is hampered by the issue of high pollution and long extraction time. Muralidharan et al. [9] extracted gelatin from squid skin using a temperature-controlled water bath for 12 h. Badii and Howell [10] extracted gelatin from horse mackerel skin at 45°C overnight. Our laboratory extracted gelatin from rabbit skin with distilled water at 60°C for 6 h. [11] Hence, effective reduction of the extraction time is of great significance during gelatin production.
Microwaves are electromagnetic waves with a frequency in the range of 300 MHz-300 GHz. [12] Microwave heating is caused by the ability of materials to absorb microwave energy and convert it into heat. Due to the dipolar nature of water, in the case of high-frequency electric field, the permanently polarized dipolar molecules realign in the direction of the electric field a million times per second, causing internal friction of the molecules, thus generating volumetric heat. [13] Therefore, microwave can be applied to heat materials instantaneously. At the present stage, microwave has been reported to extract natural products such as polysaccharides, [14] phenolic compounds, [15] and green coffee oil. [16] Up to now, only a few researches focused on gelatin extraction using microwave. Park et al. [17] investigated the effects of three extraction methods on quality characteristics of duck feet gelatin, including water bath, pressure cooker, and microwave oven extraction. The results indicated that microwave oven was conducive to obtain good properties including the highest gel strength, viscosity, and melting point.
Binsi et al. [18] evaluated the gelation and thermal characteristics of microwave-extracted fish scale gelatin blended with natural gums, but specific conditions for MAE were not mentioned in this article. So there is still lack of data on the mechanism of MAE of gelatin.
Currently, the main sources of gelatins are pig skins, bovine hides, and cattle bones. [19] However, due to religious beliefs [10] and some zoonosis, such as foot-and-mouth disease, [20] the application of gelatin from these sources is limited. To overcome this weakness, fish gelatin appears on the market as a substitute, [21, 22] but its inferior rheological properties restrict its industrial applications. [23] Hence, it is of great significance to develop better raw materials for gelatin extraction. China is the biggest rabbit meat producer globally. [24] During meat processing, rabbit skin is generally discarded as a low-value byproduct. Actually, it possesses an amino acid composition similar to pig and cattle skins and can be processed without BSE threat and religious restriction, [11] demonstrating a great potential as a promising raw material for gelatin production.
In order to utilize by-products, rabbit skins were used to extract gelatin in this study. To investigate the mechanism of MAE, we used MAE method to obtain gelatin with different extraction time and further compared with water bath extraction (WBE) by some indicators, including yield, gel strength, amino acid composition, molecular weight distribution, rheological properties, Fourier transform infrared spectroscopy (FTIR), and scanning electron microscope (SEM).
Materials and methods

Materials and reagents
Fresh Hyla rabbit skins were generously provided by A Xing Ji Industry Co., Ltd. (Chongqing, China). L-Hydroxyproline was purchased from Hefei Bomei Biotechnology Co., Ltd (Hefei, China). β-Mercaptoethanol (2-ME), Tris, ammonium persulfate, N,N,N′,N′-tetramethylethylenediamine, and Coomassie Brilliant Blue R-250 were supplied by Bio-Rad Laboratories (Hercules, CA, USA). Glycine and bromophenol blue (BPB) were obtained from Sangon Biotech Co., Ltd. (Shanghai, China), and acrylamide 30% (w/v) were purchased from Solaibao Technology Co., Ltd. (Beijing, China). PageRuler™ Unstained Protein Ladder (10-200 kDa) was obtained from the Thermo Scientific. All reagents used in this study were of analytical grade.
Rabbit skin preparation
After removing fat layers and noncollagenous proteins, [25] the rabbit skins were washed thoroughly with distilled water and then stored at −20°C for further use. The rabbit skin contained 76.75% moisture, 14.56% protein, 5.84% fat, and 1.35% ash according to our published reports. [11] 
Gelatin extraction
The rabbit skins were pretreated by soaking in 1% (w/v) hydrochloric acid solution at a solid-liquid ratio of 1:6 (w/v) under stirring for 10 min at room temperature. Immediately after being washed with distilled water until pH reached to 4.0, rabbit skins were mixed with distilled water at a solid-liquid ratio of 1:3 (w/v), and then placed in a microwave extractor (SINEO MAS-II plus, Shanghai, China) at 65°C, 500 W, for gelatin extraction. To investigate the effect of microwave time, the extraction processes were carried out with different microwave times of 5, 15, 30, 60, and 90 min, respectively. After being filtered and dried at 60°C hot air atmosphere, the final products were now available as rabbit skin gelatin and named according to their corresponding microwave time (MAE-5, MAE-15, MAE-30, MAE-60, and MAE-90, respectively). Furthermore, a conventional WBE was also processed at conditions of solid-liquid ratio of 1:3 (w/v), 65°C, and 6 h for comparison study. The yield of gelatin was calculated as follows: 
Gel strength
Gel strength was determined three times according to the previously reported method. [26] A gelatin solution (6.67% w/v) was prepared by heating dry gelatin dispersed in distilled water at 60°C. The gelatin solution was poured into flat-bottom glass measuring bottles (54 mm in diameter, 60 mm in height) and then cooled in a water bath at 10 ± 0.1°C for 16-18 h. The gel strength was measured using a TA. XT2i Texture Analyzer (Stable Micro Systems, Godalming, Surrey, UK) featuring a 5-kN load cell and equipped with a probe measuring 1.27 cm in diameter. The gel strength, or maximum force (in grams), was obtained when the probe had penetrated 4 mm into the gelatin gels at a rate of 1 mm/s. The data represented the averages (SD) of three measurement trials.
Amino acid analysis
Gelatin samples were hydrolyzed with 6 M hydrochloric acid at 110°C for 24 h in the hydrolysis tubes. Subsequently, the hydrolyzates were filtered and diluted with distilled water before taking 1 mL of hydrolyzates to evaporate and then mixed with 1 mL of citrate buffer solution. After filtration through 0.22-μm syringe filters, the final hydrolysis solutions were analyzed by an automatic amino acid analyzer (Hitachi L-8900, Tokyo, Japan).
Molecular weight distribution
The molecular weight distribution of gelatins was investigated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) according to our previous method. [26] The concentration of the stacking gel and the resolving gel were 5% and 6%, respectively. The protein pattern was visualized by staining with Coomassie Brilliant Blue R-250. The molecular weight was estimated from resolving gels by comparison with a protein calibration mixture (50-200 kDa).
Rheological properties
Rheological properties of gelatin solution (6.67% w/v) were evaluated using a DHR-1 rheometer (TA Instruments, Surrey, UK). A 40-mm parallel steel plate geometry with a 1,000 μm gap was used. The elastic modulus (G') and loss modulus (G″) were recorded over a temperature sweep in the range of 5-40°C at a rate of 1°C/min. The oscillation frequency was 1 Hz, and the oscillation strain was 5%. The gelling temperature and melting temperature were expressed by the temperature corresponding to the cross-over point of G' and G″ in the process of cooling and heating.
FTIR analysis
FTIR spectra of samples were measured and recorded using Spectrum 100 infrared spectrophotometer (Perkin-Elmer, Boston, MA, USA). Prior to measurement, 1 mg of gelatin powder was mixed with 400 mg of dry potassium bromide (KBr) powder and then pressed as discs for FTIR spectrometer analysis in the range of 4,000-400 cm -1 at a data acquisition rate of 4 cm-1. [27] Surface morphology A scanning electron microscopy (Phenom Pro, Phenom World, Holland) was used to observe the surface morphology. The prepared gelatin gels were cut into sheets with uniform size of 4 mm × 4 mm, and then rapidly frozen using liquid nitrogen followed by vacuum freeze-drying to remove moisture. Prior to the test, the surface of the samples was coated with a thin film of gold on the magnetron sputtering system (KEJING GSL-1100X-SPC-16M, Shenyang, China). [28] Statistical analysis
The statistical analysis was performed using SPSS 17.0 for Windows (SPSS Inc., Chicago, IL, USA). Significant differences between means (α = 0.05) were obtained through Duncan's multiple range test and one-way ANOVA.
Results and discussion
Yield of rabbit skin gelatin
The yield of rabbit skin gelatin obtained by WBE and MAE is shown in Figure 1 . As could be clearly observed from the figure, the yield of gelatin extracted by MAE increased with the increase in microwave extraction time, showing a positive effect of microwave. The yield increased obviously (p < .05) with the prolongation of microwave time from 5 to 60 min until a yield of 6.44% for MAE-60, then increased slightly with a further increase in microwave extraction time (60-90 min) (p > .05). However, in the experimental range of microwave extraction time, the yield of gelatin extracted by MAE was relatively lower than that of WBE (7.50%) (p < .05). In the published articles, the yield of gelatin extracted by microwave is relatively low, and the values are 0.75% [17] and 1.27%, [29] respectively. Generally, a longer extraction time was beneficial for obtaining a higher yield because more collagen was hydrolyzed and converted into gelatin, which could be revealed by the results of Figure 1 . However, more extraction time (6 h) during the process of WBE would hamper its further development and application.
Gel strength
The gel strength of rabbit skin gelatin obtained by WBE and MAE is presented in Figure 2 . All gelatins obtained by the two methods were higher than bovine gelatin (259 g) and porcine skin gelatin (295 g), [11] implying a good gel strength for rabbit skin gelatin. The gelatins obtained by MAE-5, MAE-15 and MAE-30 showed significantly higher values than that of WBE (P<0.05), indicating a short MAE time could obtain a better gel strength . A similar phenomenon was also found in a previously published study that gelatin extracted by microwave oven had the highest gel strength. [17] It might be ascribed that a short microwave extraction time could release subunit components properly to achieve higher gel strength. With the prolongation of MAE time (60-90 min), the gel strength decreased significantly (p < .05). The decrease in gelatin gel strength might be due to the reduction in imino acid contents or degradation of high-molecular-weight subunits in gelatin. [30, 31] It would be verified from these two aspects for the phenomenon caused by prolonged microwave time. There was no significant difference between the gelatins obtained by WBE and MAE-60 (p > .05), indicating that MAE-60 could achieve an efficient gelatin extraction in terms of extraction time, yield, and gel strength.
Amino acid composition
The amino acid composition of rabbit skin gelatin obtained by WBE and MAE was investigated and compared, and the results are summarized in Table 1 . Glycine (Gly), proline (Pro), and hydroxyproline (Hyp) were the major constituent amino acids of obtained gelatins. The Gly content was the highest, reaching a high amount in the range of 230.45-235.94 g/1,000 g. However, there existed almost no difference among gelatins obtained by WBE and MAE in amino acid composition. In general, Gly-X-Y sequence could be found in collagen molecule, where X was usually Pro and Y was usually Hyp. [1] Imino acids in gelatin were composed of Pro and Hyp, whose total amount reached 204.08-213.48 g/1,000 g in the obtained gelatins. The stability of the triple helical structure in renatured gelatins had been reported to be positively proportional to the total content of imino acids. [9] In this study, with the increase in MAE time, the content of imino acids did not change obviously even contrasted to WBE, which indicated that the imino acid contents remained relatively stable regardless of the changes of microwave extraction time or extraction method. Therefore, the difference in gel strength in this study was not related to the content of imino acids.
Molecular weight distribution
SDS-PAGE could be applied to explore the molecular weight distribution of gelatin, and the results are shown in Figure 3 . The high-molecular-weight subunits of gelatin (α, β, γ) were closely related to gel strength because the aggregation of subunit molecules and formation of triple helix-like structures were the key factors to affect gel properties during gelation process. [32] The γ components could only be seen in MAE-5, MAE-15, and MAE-30 gelatins and disappeared with the extension of MAE time. Similarly, there was no trace of γ components in WBE gelatin. All obtained gelatins showed α chains and β components. During the extraction of microwave, these two bands gradually became shallower except for MAE-5 to MAE-15, where β components appeared deeper. Moreover, the situation of gelatin obtained by WBE was very similar to that of MAE-60.
The heating of materials by microwave was mainly due to the dipolar nature of water. When an oscillating electric field was incident on the water molecules, the permanently polarized dipolar molecules rearranged in the direction of the electric field and occurred one million times per second, which caused internal friction of molecules, resulting in volumetric heating. [13] Such a heating mechanism tended to extract more complex molecules together. During the MAE process, instantaneous cleavage of covalent bonds might generate the dissolution of collagen due to vibrational force of water molecules coupled with heat energy supplemented during extraction. [18] Therefore, the polymer subunits of collagen could be released quickly, but long-term MAE led to excessive degradation of polymer subunits. Thus, high-molecular-weight subunits of gelatins obtained by MAE could be rapidly dissolved but also degraded with the extension of MAE time. Gelatins obtained by MAE-5 to MAE-30 showed a large amount of high-molecular-weight subunits, suggesting the polymer subunits reached an optimal release during this period, corresponding to the highest gel strength of these periods. With the degradation of high-molecular-weight subunits (MAE-60 to MAE-90), gel strength became weaker. The highest β component accumulation occurred at MAE-15. However, excessive β component content would lead to a decrease in the proportion of α-chain content. It was reported that the ratio of α-chain components (α1 and α2) was positively correlated with gel strength [33] ; thus the gel strength of MAE-15 exhibited a slight decrease. As the degradation of high-molecular-weight subunits of WBE gelatin was similar to MAE-60, the gel strength results of both showed no significant difference.
Rheological properties
The development of the G′ and G″ during gel formation of the obtained gelatin was depicted by cooling and heating curves in Figure 4a . Generally, the elastic modulus represents the gel state of the material and the loss modulus represents the liquid state of the material. [34] The larger values of G' mean greater energy stored in the material and stronger network structure. The larger G″ demonstrates more energy dissipated by the flow. [35] As shown in Figure 4a , during cooling process, the values of G' and G″ increased sharply, showing gelation process was underway, which was a transition of the single strands to triple helix of gelatin chains. [36] On the contrary, the values of G' and G″ decreased during the heating process, and the system changed from solid to liquid. It has been reported that the values of G' corresponded positively to the concentration of triple helical structures. [34, 37] With the increase in MAE time, the G' values of gelatin showed a slight downtrend, and G' values of WBE gelatin were higher than all gelatins obtained by MAE. The gelling/melting temperature corresponded to the intersection of the G' and G″ curves during the cooling and heating process [38] and is shown in Figure 4b . High gelling temperature indicates that the gel network is easier to form accompanied by an easy transition from single chains to triple helix-like structures. High melting temperature indicates stronger interactions in the systems and higher thermal stability. As shown in Figure 4b , WBE gelatin had the highest gelling temperature (24.30°C) and melting temperature (32.60°C). With the increase in MAE time from 5 to 30 min, there was no obvious difference in gelling/melting temperature for these obtained gelatins. However, a slight decrease in gelling/melting temperature occurred with further increase in MAE time (30-90 min), which could be related to the degradation of polymer subunits. The rheology results indicated WBE gelatin had the highest G' values, which was inconsistent with the results of gel strength. It was speculated that gelatin obtained by WBE could be transformed into triple helix-like structures more easily within a short time. Gel strength was determined after samples had undergone a longer maturation process (16-18 h) , so the gelatin gel had sufficient time to form triple helix-like structures; the inconsistent behavior of rheological properties and gel strength demonstrated that gelatin obtained by short-term MAE (5-30 min) could form better triple helix-like structures but gel slower than WBE.
FTIR spectra analysis
FTIR spectra of rabbit skin gelatin obtained by WBE and MAE are shown in Figure 5 and the amide band positions are summarized in Table 2 . Amide-A represents the N-H stretching coupled with hydrogen bonding. Generally, a free N-H stretching vibration is found in the range of 3,400-3,440 cm −1. [39] When the N-H group of a peptide is involved in a hydrogen bond, the position shifts to lower frequencies. [40] During MAE period, gelatin obtained by MAE-5 had the highest wavenumber (3,444.41 cm −1 ) and MAE-15 showed the lowest (3,435.15 cm −1 ); since then, amide-A shifted to higher position from 3,436.24 to 3,442.98 cm −1 (MAE-30, MAE-60, MAE-90), indicating the loss of hydrogen bonds. WBE gelatin showed the lowest position (3, 433 .91 cm −1 ), indicating the most hydrogen bonds compared with MAE samples. Conventional heating relies on heat conduction and convection. [41] However, microwave heating is based on volumetric heating. [42] Therefore, microwave effect could damage more hydrogen bonds during heating processing. At the beginning of the 5-min MAE, the original balance of hydrogen bonds was quickly broken, and new hydrogen bonds could not be formed in a short time, so MAE-5 gelatin was the most damaged. With the increase in MAE time, a new balance of hydrogen bonds was established with an increase in the amount (from MAE-5 to MAE-15); however, the hydrogen bonds inside gelatins were broken due to long period of both internal and external heating by microwave (from MAE-30 to MAE-90), and the destruction of hydrogen bonds showed an upward trend.
The IR absorption ratio of A III /1454 cm −1 was a measure of the integrity of triple helical structure in dry gelatin, which was preserved when the value was bigger than or equal to 1 and damaged when the value was less than 1. [43, 44, 45] As shown in Figure 4b , dry gelatins obtained by all extraction methods showed a comparatively high ratio from 0.77 to 0.91, indicating a relatively complete preservation of triple helical structures. In MAE group, this value showed a downward trend generally with the increase in time, illustrating thata long-term action of microwave could destroy subunit components and triple helical structures. WBE gelatin had the same value as MAE-60 (0.80), suggesting a similar preservation of triple helical structures.
Compared with MAE, the preservation of triple helical structures of gelatin obtained by WBE was not the most complete, which did not fully correspond to the rheology results that WBE gelatin gelled faster than MAE. A published study indicated that at the molecular level of native collagen structure, the hydrogen bonds relevant to water were crucial for stabilizing the triple helix structure. [46] Due to the highest hydrogen bond content, WBE gelatin could form triple helix-like structures at the fastest speed in short-term gelation process. Shot-term MAE (5-30 min) gelatin had a lower content of hydrogen bonds, which was disadvantageous for the rapid formation of the triple helix-like structures, but its large amount of high-molecular-weight subunits made the gel strength higher than that of WBE gelatin.
SEM
The SEM images of the rabbit skin gelatin obtained by WBE and MAE are presented in Figure 6 at a magnification of 2,500 times. As clearly observed, WBE had many sheet-like structures on the surface. Unlike WBE, the surfaces of all gelatins obtained by MAE, including MAE-5, MAE-15, MAE-30, MAE-60, and MAE-90, showed numerous holes. When MAE time was short (5-30 min), the surface of gelatin remained relatively flat. However, the holes on the surface became denser with time increasing (60-90 min). In the process of WBE, the hydrolysis of intermolecular cross-links in the triple helical structure of collagen made collagen convert to gelatin. [47] Microwave heating was based on volumetric heating, and the simultaneous heating of both inside and outside of materials caused more holes on the surface of gelatin obtained by MAE. Volumetric heat occurred because of the internal friction of the polarized dipole molecules, [48, 49] thus making materials heated instantaneously. For these reasons, the surface morphology of gelatin extracted by short-term MAE (5-30 min) was not damaged so much.
Conclusion
In this study, effects of MAE on the yield, structure, and properties of rabbit skin gelatin were studied and compared with WBE. Gelatin with higher gel strength could be obtained by short-term MAE (5-30 min), but its yield was lower than WBE. With the prolongation of MAE, yield showed an increase and gel strength decreased due to the degradation of high-molecular-weight subunits.
Rheological results showed that WBE had the highest G' under low-temperature condition and had the highest gelling and melting temperature during temperature decreasing and rising, indicating that gelatins obtained by WBE gelatin gelled faster than MAE, but MAE had more powerful triple helix-like structures after a full length of maturity (16-18 h) . FTIR results showed that the short-term MAE (5-30 min) had a lower content of hydrogen bonds which could not facilitate the rapid formation of triple helix-like structures, but its gel strength was higher due to the large amount of high-molecular-weight subunits compared to WBE gelatin. SEM showed numerous holes on the surfaces of MAE gelatins; as time went on, the holes became denser. This study explored the possibility of replacing traditional water bath with microwave, which was of great significance in terms of energy conservation and environmental friendly.
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